Galaxies are surrounded by halos of hot gas whose mass and origin remain unknown. One of the most challenging properties to measure is the metallicity, which constrains both of these. We present a measurement of the metallicity around NGC 891, a nearby, edge-on, Milky Way analog. We find that the hot gas is dominated by low metallicity gas near the virial temperature at kT = 0.20 ± 0.01 keV and Z/Z ⊙ = 0.14 ± 0.03(stat) +0.08 −0.02 (sys), and that this gas co-exists with hotter (kT = 0.71 ± 0.04 keV) gas that is concentrated near the star-forming regions in the disk. Model choices lead to differences of ∆Z/Z ⊙ ∼ 0.05, and higher S/N observations would be limited by systematic error and plasma emission model or abundance ratio choices. The low metallicity gas is consistent with the inner part of an extended halo accreted from the intergalactic medium, which has been modulated by star formation. However, there is much more cold gas than hot gas around NGC 891, which is difficult to explain in either the accretion or supernova-driven outflow scenarios. We also find a diffuse nonthermal excess centered on the galactic center and extending to 5 kpc above the disk with a 0.3-10 keV L X = 3.1 × 10 39 erg s −1 . This emission is inconsistent with inverse Compton scattering or single-population synchrotron emission, and its origin remains unclear.
INTRODUCTION
A basic prediction of ΛCDM galaxy-formation models is that galaxies at or above the Schechter (1976) L * are surrounded by massive reservoirs of hot gas at T > 10 6 K (White & Rees 1978; White & Frenk 1991; Crain et al. 2010) . Galaxies form from gas that flows into a darkmatter potential, and much of the gravitational energy is converted to heat at an accretion shock, which heats the gas to near the virial temperature. Above T ∼ 10 6 K the dynamical time exceeds the cooling time, so galaxies massive enough for the virial temperature to fall in this regime (v rot 100 km s −1 ) are surrounded by massive, quasi-hydrostatic hot halos of primordial gas. These hot halos would provide most of the fuel for long-term star formation at z < 1 and mediate inflows and outflows.
There is now compelling evidence that these halos exist around super-L * galaxies (Anderson & Bregman 2011; Humphrey et al. 2011; Dai et al. 2012; Bogdán et al. 2013; Anderson et al. 2016; Bogdán et al. 2017) . Meanwhile, both emission-and absorption-studies of the Milky Way's hot halo indicate that it is extended and potentially very massive (Gupta et al. 2014; Miller & Bregman 2015; Nicastro et al. 2016; Faerman et al. 2017; Bregman et al. 2018) . However, there is limited evidence for extended halos around other individual L * galaxies, although Anderson et al. (2013) showed that hot gas is ubiquitous around these galaxies within r < 50 kpc by stacking ROSAT data (albeit with a lower luminosity than in the massive galaxies).
Instead, shallow X-ray images revealed that, while extraplanar hot gas is ubiquitous around edge-on galaxies, these X-ray coronae usually look like thick disks or follow hodgeskl@umich.edu 1 Department of Astronomy, University of Michigan, Ann Arbor, MI 48109 galactic outflows seen at other wavelengths, and have luminosities correlated with the star-formation rate (SFR) of the galaxy (Strickland et al. 2004; Tüllmann et al. 2006; Li & Wang 2013) . This strongly implicates galactic feedback as the origin of this hot gas, and since hot outflows will virialize in the dark-matter halo in a similar manner to accreted infall, it is not yet clear whether L * galaxies generally have extended hot halos and how much of the mass was built up by infall.
In general, we do not understand how the hot gas participates in the disk-halo cycle, for which we need the temperature, metallicity, and kinematic information. The metallicity is a particularly important measurement because it can distinguish enriched feedback ejecta from accreted intergalactic material, although an important caveat is that X-ray faint elliptical galaxies and the bulges of some spiral galaxies have low metallicity hot ISM (Humphrey & Buote 2006; Tang et al. 2009; Li et al. 2011 ) that is unlikely to result from accreted infall (Su & Irwin 2013) . Early-and late-type galaxies may have substantially different halo properties and origins. The temperature and metallicity can be measured at the energy resolution of the Chandra ACIS or XMM-Newton EPIC CCDs, but at low S/N the simple thermal models that often fit these spectra can be misleading, and one cannot perform a spatially resolved analysis to separate gas that originated in the galaxy from more primordial material. Thus, existing measurements of the metallicity around massive spirals that indicate that the gas is mostly accreted are not necessarily reliable (e.g., Anderson et al. 2016; Bogdán et al. 2017 ).
Here we address the temperature, metallicity (Z/Z ⊙ ), and cooling rate in the inner region of a hot halo, using deep XMM-Newton data for NGC 891, which is a nearby (d = 10 Mpc; Temple et al. 2005) , edge-on, Milky Way analog with the brightest X-ray halo among nor- Figure 1 . Images from the combined 260 ks (MOS and pn) data in the soft (top) and hard (bottom) bands. The first column shows the X-ray emission in grayscale, blue contours at the 2, 4, 8, and 12σ level above background, and the 2MASS H-band disk of the galaxy. The small black circles are point source masks, and the image is clipped at the large black circle (outside of which the effective exposure is lower). The central column shows an adaptively binned image with the average intensity per bin in rainbow color and the 3σ contour above background as a dark black line. The right-hand column shows the X-ray contours overlaid on the 2MASS H-band image. The top-right panel also shows Hi contours at 1, 10, 100, and 1000×10 19 cm −2 in red, while the bottom-right panel shows the 3σ contours above background from the adaptively binned images in the soft (red) and hard (blue) bands to show the spatial correspondence.
mal galaxies (the luminosity of a few×10 39 erg s −1 is normal for its size; Anderson et al. 2013) . At this distance, 1 arcmin corresponds to about 2.7 kpc. NGC 891 has an inclination of 89.5
• (Rupen 1991) , which is ideal for separating the disk and halo gas. It is also very similar to the Milky Way, with an apparent diameter (D 25 ) of 40 kpc, a rotation velocity of about 210 km s −1 (Oosterloo et al. 2007 ), a spectral type of SBb (GarciaBurillo & Guelin 1995) , and a B-band luminosity of L B = 2.6 × 10 10 L ⊙,B (de Vaucouleurs et al. 1991) , although its SFR= 3.8M ⊙ yr −1 is somewhat higher than in the Milky Way (Popescu et al. 2004) . Finally, NGC 891 is surrounded by a massive H I halo (1.2 × 10 9 M ⊙ ; Oosterloo et al. 2007) , whose interaction with the hot halo remains unclear.
The remainder of this paper is organized as follows: In Section 2, we describe the observations and reduction. In Section 3, we use the soft and hard X-ray images from combining the data to characterize the diffuse halo morphology, and in Section 4 we extract spectra from the halo and fit them to obtain the temperature, metallicity, and mass of the hot gas. In this section we also examine the possible sources of bias in these measurements. In Section 5 we argue that most of the hot gas is from an accreted hot halo, that prior fits to lower signal spectra around other late-type galaxies are essentially accurate, that the galactic fountain model has problems balancing the amount of hot and cold gas in NGC 891, and that there is a diffuse, nonthermal X-ray emision component of unknown origin. We summarize our results and conclusions in Section 6.
OBSERVATIONS

Data Preparation
We used X-ray data from XMM-Newton and Chandra. The observations are summarized in Table 1 , of which the Chandra and 2011 XMM-Newton observation were published in our previous study (Hodges-Kluck & Bregman 2013 ), while Strickland et al. (2004) and Li & Wang (2013) also examined the extraplanar hot gas in the Chandra data. The 2017 XMM-Newton data was obtained through our GO program #078076. We processed the data using standard methods. For the XMM-Newton data we used the Scientific Analysis System (SAS v16.0.0) software, including the extended source analysis software (ESAS; Snowden et al. 2004 ). We used the SAS tools emchain and epchain to regis- ter the events for the MOS and pn cameras, then the ESAS mos-filter and pn-filter tools to exclude periods where there is significant contamination from soft proton flares. The filter scripts produce a count-rate histogram in bins of 100-200 s to identify flaring periods, so there can be multiple good-time intervals per exposure. The total resulting good-time intervals are summarized in Table 1 , and total about 216 ks (pn), 277 ks (MOS1), and 289 ks (MOS2). By default, we included events with pattern≤4, which are well calibrated. We also used ESAS tools to estimate the quiescent particle background and contamination from solar-wind charge exchange (SWCX), which are spatially uniform and can be subtracted from each image. After removing point sources (see below), for the purposes of image analysis we combined the MOS and pn images to make a single, exposure-corrected image for a soft (0.4 − 1.4 keV) and hard (2 − 5 keV) band, scaled to the MOS2 count rate, using the ESAS comb procedure and subtracting the particle background and SWCX emission. The 1.4 keV cutoff in the soft band was chosen because of the strong instrumental Si and Al lines at 1.4 and 1.75 keV, and because diffuse hot gas with kT < 1 keV primarily emits below 1 keV. The Chandra data were prepared using the Chandra Interactive Analysis of Observations (CIAO v.4.8) . Most of the data reduction is accomplished in the script chandra repro, which creates a level=2 event file from the primary Chandra data using the standard event patterns (grades). We also used the deflare procedure to identify periods of particle flaring, which are ignored for the diffuse analysis. This left a total of 140.7 ks of good time (Table 1) . We then used the wavdetect procedure to identify point sources, using the default 5 scales, and extracted source-free images and a source list for use with the lower resolution XMM-Newton data. The 0.3-10 keV point-source sensitivity for the combined ACIS data is F X ≈ 2 × 10 −16 erg s −1 cm −2 (assuming a power law spectrum with Γ = 2).
We detected and masked point sources in the XMMNewton images using both the SAS edetect chain script and the list of Chandra sources. We masked these sources to a radius corresponding to a fixed level of residual contamination rather than the encircled-energy radius (because a faint source has the same encircledenergy radius as a bright one). We created source masks for sources detected by Chandra within about one arcminute of the disk.
Spectral Modeling Procedure
For spectral analysis, we defined regions of interest and used the ESAS mos-spectra and pn-spectra tools to extract source spectra and create spectral response files from each observation after masking the point sources. We used the same regions to extract spectra from the two Chandra data sets with the CIAO specextract script. These spectra were then combined using the CIAO combine spectra script, which also produces the appropriate spectral response files. It is not appropriate to combine the XMM-Newton spectra.
We used Xspec v12.9.1m (Arnaud 1996) to jointly fit models to the Chandra and XMM-Newton spectra. For any given region, this amounts to 19 spectra (six XMMNewton observations with three cameras each, plus the combined ACIS-S spectrum). We restricted fitting to the 0.3 − 5 keV bandpass for the ACIS and MOS spectra, and to 0.4 − 5 keV for the pn, since the pn data below 0.4 keV may be unreliable. In practice, there is little source emission above 5 keV, so these bins do not help constrain the parameters of interest. We fitted unbinned spectra using the Cash statistic (C-stat ; Cash 1979 ) and compared them with the Xspec goodness routine. Since the spectra have high S/N , χ 2 gives consistent best-fit parameters, and we report the χ 2 values as a measure of goodness-of-fit for spectra binned to 20 counts per bin. Confidence intervals for each parameter of interest were determined by marginalizing over posterior distributions generated by the Xspec chain procedure, which implements a Markov-chain Monte Carlo algorithm. The proposal distribution was a Cauchy distribution centered on the initial best-fit parameters, and we ran chains 30,000 steps long (after a 5,000-step burn-in period). We then rescaled the covariance matrix by 0.125, as recommended by the Xspec documentation, and repeated the chains. We replaced or extended chains when the heuristic estimates, such as the frequency of repeated values, indicated that a chain was too short.
Previous works clearly showed that NGC 891 is surrounded by hot gas, so we start from a simple absorbed, isothermal model, adding complexity as needed. Our default photoelectric absorption model is the phabs model, our default Solar abundance table is from Grevesse & Sauval (1998) , and our default thermal plasma emission model is apec v3.0.7 . XMM-Newton observations can be affected by residual proton flares (flares too weak to be detected as 3σ variations in the light curve), so we followed the ESAS procedure of fitting a broken power-law model using a uniform spectral response. This component varies between observations, and is weakly concentrated towards the center of the chip (Gastaldello et al. 2017) . Finally, to allow for small differences in the gain calibration and in the footprints of the spectral extraction regions, we include a constant multiplier for each instrument (with the MOS1 value fixed at 1.0). The value typically ranges from 0.95-1.05 in the pn.
Spectral Background Model
Since the XMM-Newton background has vignetted and un-vignetted components, on-field background subtraction for extended sources is inappropriate. Thus, we also defined background regions (about 8 arcmin off-axis, or ∼25 kpc) and extracted spectra from these regions for each observation for fitting to determine the astrophysical background surface brightness. The surface brightness profile indicates that any halo emission is well below the background in this region and would not significantly affect the background fits. We also extracted a spectrum from about the same regions in the Chandra data (the instrument footprints do not completely overlap), as well as a ROSAT spectrum from 0.25-1 degree around the galaxy using the HEASARC X-ray background tool 2 . We fitted the background spectra including instrumental components, as descibed in the ESAS documentation, using the following model for the astrophysical soft X-ray background: apec+phabs(apec+apec+pow). These components represent, respectively, the Local Hot Bubble (kT ≡ 0.1 keV, Z ≡ Z ⊙ ), the Galactic hot halo (kT 1 ≡ 0.1 keV, kT 2 is a free parameter, and Z/Z ⊙ ≡ 0.3), and the unresolved cosmic X-ray background (CXB; Γ ≡ 1.46). The absorption is fixed at the Galactic value. This model fits the background well, with a reduced χ 2 = 1.02 for 6952 degrees of freedom. We verified that we obtained consistent parameters when not using ROSAT data. The temperature for the Galactic hot halo is kT = 0.25 ± 0.02 keV, which is consistent with Henley & Shelton (2013) . We include a scaled background as a fixed model in fitting the source spectra, assuming that the astrophysical background has a constant surface brightness in the field of view, except that we allow the H I halo of NGC 891 to absorb the CXB where appropriate. The instrumental background lines do vary across the chip, so we fit these individually in each source spectrum. Likewise, we included Gaussian lines with zero width to account for SWCX at 0.46, 0.57, 0.65, 0.81, and 0.92 keV, which are C VI, O VII, O VIII, O VIII, and Ne IX lines. We allow these to vary between observations but not between instruments, then scale the flux appropriately to the source regions. We also scaled the best-fit values for the residual proton flares to account for vignetting and the source region areas (Gastaldello et al. 2017; Fioretti et al. 2016) .
IMAGE ANALYSIS
The combined XMM-Newton images are shown in Figure 1 for the soft and hard bands (top and bottom rows).
In the left column, we have removed the point sources, smoothed the images with a Gaussian kernel of 3 pixels, clipped the image at 1σ above background, and added contours at 2, 4, 8, and 12σ. To improve the signal of fainter features without creating artifacts, we adaptively binned the images (central column) to S/N = 12 per bin, using the Sanders et al. (2016) contour-binning package. We set the contour-following parameter to the minimum to avoid creating artificial structure. The 3σ contour is shown as a thick black line in these images. The top-right panel shows the X-ray contours on the 2MASS H-band image, as well as Hi contours. The bottom-right panel show the 3σ contours from the soft and hard adaptively binned images. Since the major axis is approximately oriented along the north-south axis, we define north, south, east, and west based on the sky position.
Thermal Emission
The soft image clearly shows the north-south asymmetry in the intensity within 0.5 arcmin of the disk, which was reported by previous authors (Bregman & Pildis 1994) and is connected to the higher SFR on the northern side. At lower intensities the asymmetry is much less pronounced (see the 3σ contour in Figure 1 ), which suggests that there is a background halo that is less affected by star formation. There is also an east-west asymmetry, which exists at all galactocentric radii but is most pronounced over the galactic center, where the 3σ contour extends to 8 kpc and the 2σ contour extends to 15 kpc. This asymmetry was noted in the Chandra data at lower heights and lower significance by Li & Wang (2013) . We tentatively identify this as a one-sided filament, which may be connected to a galactic outflow, based on onesided extensions seen in starburst galaxies (Strickland et al. 2004; Tüllmann et al. 2006) . The decrease in intensity at the midplane reported previously (Bregman & Pildis 1994 ) is very pronounced in this image and clearly follows the disk. It is more visible on the north side because of the bright emission just outside the disk.
The highest intensity comes from the center, but the diffuse emission in the galactic center is dominated by scattered light in the psf wings of an ultraluminous Xray source (ULX) reported in Hodges-Kluck et al. (2012) . The large mask in Figure 1 extends to the 95% encircledenergy radius (averaged between the EPIC detectors), which is slightly more than 1 arcmin in radius. However, the ULX was not "on" during the deep Chandra exposures, which concentrate the light much better in any case. The Chandra image (Strickland et al. 2004) shows filamentary structure near the disk, and especially above the galactic center, where the brightest filaments make an X-like structure. This supports the hypothesis that the gas seen with XMM-Newton, at larger heights, is part of an outflow. There is also bright, extraplanar emission above the star-forming region to the north.
Diffuse Hard Excess
The 2-5 keV image has lower signal, but there is diffuse hard X-ray emission above the optical disk, with a concentration near the galactic center and an extent of at least 5-6 kpc on each side (Figure 1 ). The backgroundsubtracted diffuse count rate within r < 2 ′ of the galactic center is S 2−5 = 4.5 ± 0.3 × 10 −3 counts s −1 , where the count rate is scaled to the MOS2 detector using the ESAS software. The background subtraction includes removal of the quiescent particle background and CXB, and the source flux excludes masked point sources. This amounts to F X = 6.0 × 10 −14 erg s −1 cm −2 , assuming a power law with Γ = 2, which we assume for the rest of this section. At least some of this light must be scattered light in the wings of the psf from detected sources, but a comparison between XMM-Newton and Chandra indicates that about half of the diffuse flux detected in XMMNewton is astrophysical. For XMM-Newton, we estimated the contribution of scattered light by using the aperture-corrected fluxes from all point sources detected within 3 arcmin of the galactic center along with the measured on-axis EPIC encircled-energy profiles to determine the amount of residual light outside each source's mask. The psf shape differs between the detectors, but the fraction of light well outside of the core is about the same. The average residual flux for the combined image is F X ≈ 3 × 10 −14 erg s −1 cm −2 . This leads to a MOS2 count rate of S contam = 2.2 × 10 −3 counts s −1 . The ULX is the largest contributor, and the contamination from the ULX alone is about 17% of the source flux on average, with 30% and 12% for 2011 and 2017, respectively. This does not account for pile-up, which would lead to an underestimate of the scattered light flux. However, the ULX count rates for all epochs are in the range where pile-up is a marginal effect, as verified by an examination of the pattern=0 events with epatplot. Thus, the corrected 2-5 keV source flux in the central 2 arcmin is
Chandra has a much tighter psf (r < 0.5 ′′ ) than XMM-Newton, so the scattered light remaining after using the XMM-Newton point source masks is negligible. The diffuse 2-5 keV flux from the central 2 arcmin is S 2−5 = 2.5 ± 0.1 × 10 −3 counts s −1 , or F X = (3.2 ± 0.1) × 10 −14 erg s −1 , after accounting for the spatially variable background and exposure correction. This agrees with the contamination-corrected XMM-Newton measurement, and also strongly disfavors backgrounds unique to each instrument as the source. Variation in the CXB is also ruled out, as Chandra resolves more of the CXB than the XMM-Newton images. We then used the much smaller Chandra 95% encircled-energy masks and measured a total 2-5 keV flux of F X = (7.6 ± 0.1) × 10 −14 erg s −1 cm −2 in the same region. At the distance of NGC 891, this is a 2-5 keV L X ≈ 10 39 erg s −1 . This light cannot be unresolved emission from active stars and compact objects. The potential sources of nonthermal X-ray emission include active stars, cataclysmic variables (CVs), high-mass X-ray binaries (HMXBs), and low-mass X-ray binaries (LMXBs). HMXBs are confined to regions of active star formation, and active stars, CVs, and LMXBs follow the distribution of the starlight. Thus, we do not expect a significant extraplanar contribution. Moreover, the Chandra sensitivity is about North 1.8 ± 0.3 2.4 ± 0.4 0.5 ± 0.4 1.1 ± 0.8 Central 1.8 ± 0.3 2.9 ± 0.4 1.9 ± 0.2 2.2 ± 0.3 South 1.4 ± 0.2 1.6 ± 0.2 0.8 ± 0.2 0.6 ± 0.2
Note. -"East" and "West" are approximate and correspond to the left and right side of the midplane in Figure 2 . Scale heights may be affected by point source masks near the disk. L X > 2.4 × 10 36 erg s −1 at the distance of NGC 891, so the brightest sources (which contribute a large fraction of the flux) would be resolved and masked.
To estimate the possible contribution we adopted the Lehmer et al. (2010) 39 erg s −1 . As a late-type galaxy, the contribution from CVs and active stars will be lower (Lehmer et al. 2010) , and NGC 891 does not have a very prominent bulge. X-ray binaries follow a characteristic luminosity function (Gilfanov 2004; Mineo et al. 2012 ), so we use this to estimate the amount of undetected X-ray luminosity at the Chandra sensitivity. For the LMXBs this is 0.3-10 keV L X ∼ 3 × 10 36 erg s −1 , and for the HMXBs it is L X ∼ 10 36 erg s −1 . Bearing in mind that the unresolved HMXBs follow star formation and LMXBs the distribution of the starlight, the expected extraplanar contribution is perhaps a few percent of this. This rules out unresolved binaries as the origin of the diffuse excess. Instead, it could be inverseCompton scattering from cosmic rays, thermal emission from very hot gas, or something else. We return to its origin in Section 5.
Minor-axis Profiles
To examine the vertical extent of the emission and the significance of the east-west asymmetry in the soft band, we measured the average vertical profile along the minor axis (z) in three sections from north to south (Figure 2 ). The emission is clearly visible to a larger height on the west side of the galaxy than on the east; in the central region, the maximum vertical extent above background is about 8 kpc on the east and 15 kpc on the west. This is the candidate filament, which is brighter as well as more extended to the west. There is also more emission in the northeast part of the galaxy than the southeast. We investigated the background in the XMM-Newton images, but found no systematic increase towards that region that can explain the excess. Furthermore, the asymmetry persists in the same way in the 2011 image, the combined 2017 exposures, and (to a lesser extent) in the Chandra image, so we conclude that it is real. Figure 2 also shows the vertical profile for the hard band, where the diffuse emission clearly extends above the disk in the central region but not in the northern or southern regions.
We measured scale heights in each section by fitting an exponential profile plus constant background, but we caution that the large point source masks likely affect the values. For the soft emission, we ignored the central |z| < 1 kpc, where the absorption is strong. We also allowed the scale height to differ on the east and west sides, and measured it in the northern, central, and southern regions. The results are given in Table 2 . There is clearly an east/west asymmetry, which is strongest in the central region. The overall lower scale height in the south occurs because there is less X-ray emission near the disk there, and there is also less star formation in this region. If the emission comes from hot gas, then the scale height of the intensity reflects the square of the density, so the density scale height is about twice as large. In the hard image, the many point source masks suggest that the actual scale heights are known to worse precision than suggested by the error bars quoted here. Nonetheless, the measured scale heights reinforce the conclusion that the extraplanar hard X-ray emission occurs primarily above the central region.
Relative Temperature Map
We created a relative temperature map by adaptively binning the soft band image to S/N = 25, extracting 0.4-5 keV spectra from each bin, and jointly fitting the spectra as described above with an isothermal model. We only fit spectra where the average intensity in the bin was at least 2σ above the background. Motivated by the diffuse hard X-rays, we also allowed for the possibility of power-law emission, so the model in each region is TBabs(apec+pow), where the minimum N H is the Galactic value and the background parameters are fixed.
The metallicity was fixed at the solar value, which may be incorrect (Section 4), but the temperature is determined by the presence and prominence of various line complexes, and is largely insensitive to the metallicity or normalization, which are degenerate at low S/N . An isothermal model may be a poor representation of the temperature structure, but the relative prominence of the O VII (0.57 keV), O VIII (0.65 keV), Fe XVII (0.73, 0.82 keV) lines, along with the cluster of Fe-L lines at 0.8-1.0 keV, is a reliable indicator of relative temperature. For example, in simulated pn data from a two-temperature model with matching S/N and kT 1 = 0.2 keV and kT 2 = 1.0 keV, with the normalization of the hotter component 10% of that for the cool component, an isothermal fit provides an acceptable fit with a best-fit kT ≈ 0.35 keV. Then, we repeated the simulation for kT 1 = 0.2 keV and kT 2 = 075 keV, finding a best-fit kT ≈ 0.25 keV. To some extent, this depends on the adopted Fe/O abundance ratio, which differs in spiral and elliptical galaxies. We therefore also created a map using the solar metallicity, but with the abundance ratios from Li (2015) . Although the values changed slightly, the pattern of hotter and cooler regions did not. Thus, the temperature map shows which regions are hotter and cooler than average. We present a more rigorous assessment of the temperature and the metallicity in Section 4.
The best-fit temperatures are shown in Figure 3 , which shows the temperature as a function of projected galactocentric radius R, height above the midplane z, and as a 2D map using the adaptive bins. The mean temperature measured above 3 kpc is shown as a dashed line in the first two panels. The temperature rises towards The Chandra and Hα images are clipped at 5σ and 3σ above background, respectively, to show the brightest emission. 5 GHz contours at 4, 8, and 12σ above background are overlaid in white. The X-ray emission is filamentary and clearly concentrated above the bright Hα knots, especially in the Galactic center. However, the diffuse ionized gas above the plane is not spatially correlated with the filaments. Right: The Chandra filaments (contours in blue are 8σ above background) coincide with the hottest (darker) regions in the XMM-Newton temperature map (Figure 3 ), indicating that this gas is distinct from the larger halo.
the galactic center, and this is concentrated north of the ULX mask where the soft-band intensity is high. The mean isothermal temperature is about 0.21 keV. Figure 4 shows the brightest Chandra emission relative to the temperature map, as well as the 5 GHz data from our Karl G. Jansky Very Large Array (VLA) 2011B-232 and 2012B-165 programs, and archival Hα data. The X-ray filaments are clearly associated with nuclear radio emission (see below), Hα knots in the disk (although not necessarily with the diffuse ionized gas above the plane), and the hotter regions in the temperature map. This association suggests that the hotter gas is breaking out of the disk into an ambient, cooler halo.
The potential filament to the west is also slightly hotter than the rest of the corona. The average temperature in regions with z > 2 kpc and |R| < 2.5 kpc is kT = 0.26 keV (these regions are highlighted in Figure 3 with black dots in the map and red dots in the projected (Oosterloo et al. 2007 ). Radio point sources are detected in the nuclear region and to the south (SN 1986J), but not in the north, despite a sensitivity of about 6 µJy/bm (νLν ≈ 4 × 10 33 erg s −1 ) and the ongoing star formation, which is highlighted by the warm dust. The nuclear region, at right, shows that five radio point sources are detected, but that the nuclear X-ray source (She et al. 2017) is not. A yellow cross indicates the center of the galaxy as determined by 2MASS; it is consistent with the position of the nuclear X-ray source within the error bars.
profiles). Although the uncertainties for individual regions are high, the values all exceed the mean. This suggests that the filament is a coherent structure, and it may be connected with the brightest X-ray filaments near the center (Figure 4 ).
If we ignore regions within or overlapping the optical disk, so as to isolate the halo emission, there is no significant correlation with either z or R (non-significant Spearman's rank correlation coefficients of ρ = 0.15 and 0.12, respectively). Thus, observers within NGC 891 would see little change in the temperature of the corona across the sky, but would measure a strong gradient in the emission measure. This is very similar to the situation for the Milky Way (Henley & Shelton 2013; Miller & Bregman 2015) . She et al. (2017) reported a nuclear Chandra X-ray source as a candidate low-luminosity AGN. We examined high resolution 5 GHz VLA data from our 2012B-165 program to search for a radio counterpart. We did not find one, down to a limiting sensitivity of 5.5µJy beam −1 , but found several other point sources in the nucleus (which are labeled A-E in Figure 5 ). These sources are exactly on the midplane and so there is no soft X-ray emission (due to absorption by the disk), but we find a potential X-ray counterpart for the radio source directly to the south of the nuclear X-ray source. The radio luminosities of sources A-E are νL ν = 1.9, 2.0, 2.6, 1.7, and 0.41 × 10 35 erg s −1 , respectively. The rather faint Source E is detected at 6.2σ. These are probably supernova remnants, similar to (but dimmer than) SN 1986J to the south. There is no data at comparable resolution at any other radio frequency, so we cannot measure the spectral indices.
Galactic Nucleus
There is a chance that one or more of the radio sources (or the central X-ray source) is seen in projection and not actually nuclear. However, the wider, diffuse radio emission peaks within this region (Figure 4 ), as does the Spitzer 5.8 µm intensity, so it is more likely that there is rapid star formation at the nucleus. This emission also coincides with a nuclear molecular ring (Garcia-Burillo et al. 1992 ). This would explain the presence of the Chandra filaments (Figure 4 ), which appear similar to those seen in galaxies with nuclear starbursts (Strickland et al. 2004 ).
SPECTRAL ANALYSIS
We fitted models to spectra extracted from several regions to measure the temperature and metallicity of the gas in and around the galaxy. These regions are shown in Figure 6 . We defined the halo as the region above 1.1 kpc from the midplane, and subdivided it into the inner halo (1.1 < z < 3.3 kpc) and outer halo (3.3 < z < 10 kpc), with the boundary set where the intrinsic N H ≈ 5 × 10 19 cm −2 , which is less than 10% of the Galactic N H = 6.8×10 20 cm −2 (Kalberla et al. 2005 ). Thus, in the outer halo we fix the absorbing column at Galactic, whereas inside it is a free parameter. We determined the best-fit models for each zone separately, then jointly modeled both zones with N H as a free parameter for the inner region. Since thousands of counts are needed for precise metallicities, we restrict the analysis of the metallicity to the inner and outer halo regions. In the remainder of this section, we describe our approach to fitting the spectra, present our results, and discuss possible sources of error. The results are summarized in Table 3 . . Regions used for spectral extraction. For the inner and outer halo regions we combined the spectra from each side of the disk. For the filament regions (magenta circles), we fit the bottom and top separately, as described in the text. The dividing line between the inner and outer halo is about 1.1 kpc above the midplane, above which assuming the Galactic column N H = 6.8 × 10 20 cm −2 is valid. Figure 7 . Combined XMM-Newton spectra for the outer halo (3.3 < z < 10 kpc) and inner halo (1.1 < z < 3.3 kpc) after subtracting the best-fit background model, scaled to each region. These "folded" spectra include the energy dependence of the effective area. The MOS 1+2 spectra were combined into a single spectrum and scaled to better match the pn, and each spectrum has been lightly smoothed for visual clarity. The emission lines used to determine the temperature and metallicity are marked.
inner halo have a larger proportion of flux at higher energies, which could either mean hotter gas or more photoelectric absorption (which predominantly affects softer photons). Finally, the continuum above 1 keV is too high for a plasma with kT < 0.3 keV and there are no strong lines from Fe XXI-Fe XXV that would indicate a hotter plasma, so we conclude that there is a non-thermal component. This is in agreement with the image analysis in Section 3. Based on these features, we began by modeling the spectrum as the sum of an isothermal (1T) and powerlaw model (phabs(apec+phabs(pow))). We tried variants where the power-law index was fixed at the best-fit value as measured in the E = 2 − 5 keV bandpass and where it is free to vary, and we obtained better fits when it was allowed to vary. The best-fit thermal parameters were kT = 0.23 ± 0.01 keV and Z/Z ⊙ = 0.15 +0.12 −0.04 . However, the 1T+PL model is ruled out using the criterion of p < 0.05 for the χ 2 value, and it leaves positive residuals near 0.5 keV and 1 keV that indicate that the model does not fit the emission lines well (Figure 8) .
Thus, we added a second thermal component (2T, phabs(apec+apec+phabs(pow))). This produces an acceptable fit in each halo region and leaves flatter residuals. A summary of the model parameters for the 2T+PL models we tried is given in Table 3 . Figure 9 shows the MCMC sampling and best-fit parameters for the 2T, PL-free model in the outer halo. In both halo regions, kT 1 = 0.20±0.01 keV, and Z/Z ⊙ ≈ 0.14. kT 2 = 0.77 keV in the outer halo and 0.68 keV in the inner halo, and the metallicity cannot be independently determined. This is because the hotter component contributes only about 10% as much flux as the cooler component, and so all the emission is from lines (the continuum is invisible). We fixed the metallicity of this component at Solar for this reason, but we note that if it is instead tied to the metallicity of the cooler component only the normalization of the hotter material changes.
We also tried more complex models, including adding a charge-exchange model to the 2T model and a multi-T (3T or 4T) model. Zhang et al. (2014) found that much of the X-ray emission from the soft X-ray nebula around M82 arises from charge exchange. Unlike NGC 891, M82 is a starburst galaxy with a strong galactic wind, but the massive H I halo around NGC 891 implies the presence of many hot-cool interfaces where charge exchange could occur, albeit to a lesser extent because of the lower velocities. We used the ACX v1.0.4 model from Smith et al. (2012) (phabs(apec+acx+phabs(pow))), with the temperature and metallicity tied to the apec component, but this is a worse fit than the 2T model (Figure 8 ). When we tried multi-T models, they always collapsed to the 2T case; they do not improve the fit. Hence, we conclude that the 2T model is the simplest model that adequately fits the data, and that obvious sources of additional complexity are not favored.
In the 2T+PL model, the best-fit absorbing column in the inner halo is consistent with the absorption expected from NGC 891, based on the H I map, and the main reason for the difference between kT 2 in the inner and outer halo is the pn spectrum in the inner halo; when fitting the spectra from each instrument individually the innerhalo MOS spectrum agrees with both the MOS and pn fits in the outer halo (Table 3) . Thus, we conclude that the spectra from both regions can be fitted jointly with a single model, allowing for differences in instrumental backgrounds and absorbing column.
The combined fit is acceptable and has the following best-fit parameters (Table 3) : kT 1 = 0.20 ± 0.01 keV, Z/Z ⊙ = 0.14 ± 0.03, kT 2 = 0.73 ± 0.04 keV, and Γ = 1.4 ± 0.1. We adopt this parameter set as our fiducial model. The measured 0.3-10 keV luminosities are L X = 2.9 × 10 39 erg s −1 for the cooler component, L X = 5.3 × 10 38 erg s −1 for the hotter component, and L X = 3.8 × 10 39 erg s −1 for the nonthermal component. We also fitted a 2T vapec model to determine the oxygen-like and iron-like abundances separately. We applied this model to both the whole halo fit and the outer halo individually. In the outer halo, we found −0.03 . This is consistent with the slightly lower single Z/Z ⊙ measured from the fit to the whole halo.
Halo Properties
We used the fiducial model to derive some basic quantities for the halo, including the mass and pressure of the hot gas. The best-fit parameters and these properties are summarized in Table 4 .
First, we corrected for the fraction of the halo region covered by point source masks by scaling the measured fluxes by the ratio of the total-to-unmasked area in the halo region. This leads to 0.3-10 (0.01-10) keV luminosities of L X ≈ 3.2 × 10 39 (1.2 × 10 40 ) erg s −1 for the kT = 0.20 keV component and L X ≈ 7.5 × 10 38 (9.8 × 10 38 ) erg s −1 for the hotter component. The nonthermal component must also be corrected for light scattered into the wings of detected (and masked) point sources. As in Section 3, we estimated the contamination fraction in each region from the aperture-corrected point source fluxes, the existing source masks, and the EPIC psf curves. This amounts to 15% for the outer halo and 60% for the inner halo. When combining this effect with the scaling for the masked area, we obtain a 0.3-10 (0.01-10) keV L X ≈ 3.1 × 10 39 (3.3 × 10 39 ) erg s −1 for the nonthermal component.
We estimated the mass and average density of gas detected by XMM-Newton by assuming that the cooler gas fills a cylinder with R = 10 kpc and a height of z = 9 kpc on each side of the galaxy, and that the hotter gas fills a cylinder with R = 6 kpc and z = 4 kpc, based on where X-ray emission is detected and where star formation occurs. Assuming a mean molecular weight for ionized gas of µ = 0.62, the apec normalization norm = 6.9 × 10 −4 for the whole halo leads to M ≈ 2.3×10 8 M ⊙ for the cooler component. This is comparable to previous estimates (Bregman & Pildis 1994; Hodges-Kluck & Bregman 2013) . The mean density is n = 2.2 × 10 −3 cm −3 , which corresponds to a mean P = 7 × 10 −13 dyne cm −2 . The cooling rate is estimated asṀ cool = L X /e, where e = 3kT /2µm H . The 0.01-10 keV L X = 1.5 × 10 40 erg s −1 for the virialized component, leading toṀ cool = 0.5M ⊙ yr −1 within 1.1 < |z| < 8 kpc.
The hotter gas has a apec normalization of 1.9 × 10 −5 , which corresponds to M ≈ 10 7 M ⊙ ,n = 9 × 10 −4 cm −3 , andP = 10 −12 dyne cm −2 . These values are insensitive to the gross geometry, such as an exponential disk or β-model (Cavaliere & Fusco-Femiano 1976) , since the volume in which X-ray emission is detected is fixed. However, they are sensitive to the filling factor. We expect the virialized component to be nearly volume-filling, but the hotter gas may not be as it is connected to star formation in the disk.
50% of the cooler gas and 40% of the hotter gas comes from the outer halo, while this region covers 75% of the projected area between 1.1-10 kpc (not accounting for point source masks, which cover 16% of the inner halo and 5% of the outer halo). The hotter gas is concentrated near the disk, as shown in Figure 3. 
Disk and Filament Spectra
We also extracted spectra from the disk itself and the putative filament to the west (Figure 6 ), and fitted them with a 2T model in an analogous approach to the previous section. The filament was fitted in two zones corresponding to the inner and outer halo. The best-fit parameters are listed in Table 3 . Remarkably, the temperatures and abundances agree well with the halo spectra, and the kT 1 = 0.2 keV, Z/Z ⊙ = 0.12 gas appears to persist into the disk region. It is likely that there is more enriched gas in the disk that cannot be seen because of the strong H I absorption. The best-fit N H = 2 × 10 21 cm −2
for the disk region is lower than the total H I column, so the kT 1 = 0.2 keV component is from the near side of the disk, or possibly in front of it. Since unresolved Xray binaries do not significantly contribute (Section 3), and almost all emission from the active stars in the disk would be absorbed by the neutral gas in the disk, we do not include these components in our fit. Scattered light in the wings of detected point sources contributes 0.67 ± 0.05 1 (f) 0.9 ± 0.1 <0.1 1.5 ± 0.1 1.4 ± 0.2 698.8 708
Outer+Inner Halo PL fixed 0.12 ± 0.02 0.203 ± 0.006 0.14 ± 0.03 52
0.72 ± 0.05 1 (f) 1.5 ± 0.1 <0.04 1.4 (f) 3.1 ± 0.9 4516.4 4439 PL free 0.11 ± 0.02 0.199 ± 0.008 0.14 ± 0.03 69 ± 6 0.71 ± 0.04 1 (f) 1.9 ± 0.1 <0.06 1.4 ± 0.1 3.5 ± 0.4 4499.9 4438 MOS only 0.14 ± 0.03 0.20 ± 0.01 0.15 ± 0.04 70 ± 10 0.73 ± 0.06 1 (f) 1.6 ± 0.3 <0.07 1.5 ± 0.1 3. Note. -Best-fit parameters for the various models. Error bars represent the 90% confidence intervals from MCMC sampling. A "f" denotes a frozen parameter. The normalizations for the whole halo are the sum of the inner and outer halo components for those fits, and the NH value for the whole halo is for the inner component only. a The first line is ZO and the second is ZFe. 
Note.
-Derived values are based on the fiducial model, which is the 2T, PL-free model for the whole halo in Table 3 . All luminosities are corrected for point source masks. Figure 10 . The 0.3-10 keV ULX luminosity since July 6, 1998 (MJD 51000). NGC 891 was observed early on in the Chandra mission and no source was detected at the location of the ULX, which we first saw in the 2011 XMM-Newton observation. The inset shows the rightmost points, which correspond to a recent Chandra observation (red) and the 2017 XMM-Newton data presented here (blue). While the ULX is no longer at L X > 10 40 erg s −1 , it has not continued the decline seen in the 2012 Swift data, or there has been another flare whose peak was missed.
to the measured luminosity of the power law, but does not strongly affect the thermal component.
After accounting for point source masks, the bottom section of the filament region covers about 6% of the total halo area, and it accounts for 10% of the cooler component, 28% of the hotter component, and 18% of the nonthermal component in the fiducial model. Meanwhile, the upper section of the filament covers 19% of the total halo area and accounts for 16% of the cooler component, 13% of the hotter component, and 5% of the nonthermal component. In total, the filament regions cover 24% of the halo area and contain about 25% of the cooler gas and more than 40% of the hotter gas. Thus, the above-average isothermal temperatures in this region seen in Figure 3 are because a larger fraction of hotter gas in the region instead of a rise in the ambient halo gas temperature. This strengthens the interpretation of the filament as a physical structure, and it is likely that the hot gas that is concentrated in the bottom part of the filament has displaced and compressed the ambient gas, which leads to the increased surface brightness. We return to the topic of its origin in Section 5.
ULX
We fitted the spectrum of the ULX for each epoch, following the approach in Hodges-Kluck et al. (2012) by using the slim, multi-colored accretion disk model in which T (r) ∝ r −p , where p = 0.75 is the standard multi-colored disk (TBabs(diskpbb); Mineshige et al. 1994 ). The free parameters are the absorbing column, the temperature at the innermost edge of the accretion disk (T in ), and the power-law index p. The results of these fits are given in Table 5 , along with fits for the same model to the combined 2017 and the combined 2011 and 2017 spectra. The 2011+2017 fit is not formally acceptable (with a p-value of 0.02), but the parameters are basically consistent with the results from the individual epochs: N H = 1.9 ± 0.1 × 10 21 cm −2 , T in = 1.67 ± 0.06 keV, and p = 0.538 ± 0.007. However, since so many of the counts come from the 2011 data, a fairer comparison is between the combined 2017 spectra and the 2011 spectra. This fit suggests that the disk temperature has increased slightly since 2011, but most of the individual epochs during 2017 are consistent with the 2011 parameters.
The updated light curve is shown in Figure 10 . The ULX is clearly variable on a timescale of about a day, but during the 2017 observations it remained close to the 4 − 5 × 10 39 erg s −1 level from 2012. Thus, the ULX has settled to a new level instead of returning to quiescence. Meanwhile, the spectrum has remained about the same.
Model and Systematic Effects
We investigate the impact of systematic effects, abundance tables, and model choices on our measurements of temperature and metallicity. Table 6 summarizes the impact of these effects and choices on the metallicity, as quantified through a ∆Z/Z ⊙ to be added to the fiducial value.
Temperature
The temperature of the dominant component, kT 1 , is insensitive to the low resolution, choice of model, and most systematic effects because the line complexes whose ratios determine the temperature are well defined (Figure 7) . Indeed, even when omitting the strong oxygen lines, we find that kT 1 = 0.22 ± 0.02 keV, which is consistent with our fiducial kT 1 = 0.20 ± 0.01 keV. When using the mekal model (Mewe et al. 1985 (Mewe et al. , 1986 Liedahl et al. 1995) instead of apec, we find kT 1 = 0.21 ± 0.01 keV. There is no statistical preference for a 3T model, which is at most a small perturbation to the 2T model. The temperature could be biased if the Galactic foreground emission lines are incorrectly measured, but the background spectra across all epochs are fit well by a single In contrast, the hotter component is weaker and more susceptible to low resolution or systematic effects. For 0.3 < kT < 1.0 keV, the main emission lines are a cluster of Fe-L lines between E = 0.7 − 1.2 keV, which are unresolved by the EPIC or ACIS detectors and appear as a bump. The wavelength of the bump peak determines the temperature. Secondary factors include the relative strength of the O VIII line and other lines between E = 1 − 2 keV. We measure kT 2 = 0.77
+0.07
−0.06 keV in the outer halo and kT 2 = 0.68 ± 0.04 keV in the inner halo (90% error bars). The difference exceeds the statistical error bars, but after investigating various spectra and model components, we found that it can be entirely explained by the pn spectrum in the inner halo, which demands a lower kT 2 = 0.67 ± 0.04 keV. The MOS kT 2 = 0.74±0.08 in the same region. This difference persists when using only the 2011 or only the 2017 spectra, so the ULX is not responsible.
At the energy resolution of the pn, spectra with temperatures 0.4 < kT < 0.7 keV monotonically increase towards a peak near E = 0.8 − 0.9 keV. When combined with a cooler spectrum, it blends with the strong Fe XVII line at 0.82 keV. This blend is less severe in the MOS, which can lead different best-fit temperatures. We did not find any issues with the response matrices or obvious differences in the extraction regions, so it is not clear which is correct, but the inner-halo MOS parameters agree with the outer-halo MOS and pn parameters, so we cannot conclude that the temperature differs.
Metallicity
At kT = 0.2 keV, the bremsstrahlung continuum above about 0.8 keV is weak, so the metallicity measurement depends sensitively on the oxygen lines and the pseudocontinuum at E < 0.5 keV, and between about 0.7 < E < 0.8 keV. The low-energy continuum is most susceptible to systematic issues, such as residual soft-proton flares, spatial variation in the quantum efficiency of the MOS cameras below E < 0.4 keV, build-up of contaminants on the MOS, change in energy resolution in the pn over time, and small uncertainties in the effective area for both cameras. Figure 11 shows the differences between metallicites measured in the outer and inner halo regions, between the MOS and pn spectra only, and for several Solar abundance tables.
Residual Flares -Flares that are too weak to detect in the background light curve contribute some counts. The spectrum is very soft and unabsorbed, so the thermal continuum below E = 0.5 keV may be overestimated, which would bias Z/Z ⊙ towards lower values. This effect is most pronounced in the pn. They are clearly present in the data, since the 2017 pn spectra have a higher flux below E = 0.5 keV than the 2011 spectrum, whereas the O VII line strength is about the same. These flares are accounted for in the spectral modeling of the background, but if the proton flux is underestimated then the metallicity would be biased. For example, when fitting the pn spectra from the outer halo with the 2T model but without accounting for residual flares, we find Z/Z ⊙ = 0.06.
We estimated the bias from residual flares by varying the fitting bandpass and using the average XMMNewton flaring properties. First, we adopted a pn fit bandpass of 0.45-5 keV, while keeping the MOS at 0.3-5 keV, to reduce the impact of flares. This approach relies on the MOS continuum to determine the metallicity. We find a best-fit Z/Z ⊙ = 0.20
−0.07 in the outer halo and Z/Z ⊙ = 0.16 ± 0.04 in the whole halo, for ∆Z/Z ⊙ ≈ +0.03. However, this approach discards the signal needed to measure the metallicity in the first place. The red, filled histograms and blue, outline histograms correspond to the MOS and pn, respectively. The vertical dashed line indicates our fiducial Z/Z ⊙ = 0.14. These plots show that the metallicity is more likely to be overestimated than underestimated by shot noise, and that Z/Z ⊙ ≥ 0.3 is strongly disfavored if the measured metallicity is as low as 0.14.
Alternatively, we explicitly fitted the residual soft proton flares in the source spectrum (as opposed to scaling from the background spectrum) using a pn fit bandpass of 0.3-5 keV. We used the same broken power-law model from ESAS and find Z/Z ⊙ = 0.22
+0.65
−0.12 , or ∆Z/Z ⊙ = +0.06, but with very poor constraints. This approach leads to a maximal contribution from the soft proton flares, and so this is an upper bound.
We then estimated the total count rate expected from residual flares using the average number of flares as a function of intensity (Carter & Sembay 2008) , the proton vignetting function, our fitting region, the detection threshold for the lightcurves we used based on the ESAS approach, and the duration of our exposures. We adopted a power-law index of Γ = 2.0 for the flare energy spectrum. The model flux from this approach was somewhat lower than that inferred from the background region fits for most of the 2017 epochs, but higher than for 2011, and it did not have a significant effect on the metallicity: Z/Z ⊙ = 0.18 +0.09 −0.06 , or ∆Z/Z ⊙ = +0.02. The bias from residual proton flares is thus at most ∆Z/Z ⊙ = +0.06, and is likely closer to +0.02. This could be measured more accurately by using Chandra data, but the existing data sets have too few counts below E < 0.5 keV do to this.
Low energy calibration -A detailed investigation of the E < 0.5 keV calibration is beyond the scope of this work, but based on the EPIC calibration documents 3 we simulated MOS and pn spectra to determine the impact of uncertainties in the effective area calibration using the corrarea option when generating the ancillary response. We used the fiducial model as an input, but varied Z/Z ⊙ from 0.1 to 0.5. Based on fits to these spectra, we estimate that the calibration-related bias is ∆Z/Z ⊙ < +0.06, with a typical value of ∆Z/Z ⊙ = +0.02. The lower value is obtained when using an ad hoc correction 3 https://www.cosmos.esa.int/web/xmm-newton/calibrationdocumentation Note.
-The adjustments to the metallicity value resulting from possible systematic effects and model choices are added to the value for the fiducial model, Z/Z⊙ = 0.14 ± 0.03. The issues are discussed in the text. f Fiducial Model of fitting spectra explicitly including a multiplicative factor to account for the cross-calibration uncertainty 4 . Figure 11 shows that the values obtained from the MOS and pn separately do not differ much.
Spectral Resolution -The metallicity can be incorrectly measured due to low spectral resolution. We used the MOS and pn responses for our spectra to simulate spectra with the same S/N , using an absorbed isothermal plasma with N H = 6.8 × 10 20 cm −2 , kT = 0.20 keV, and Z/Z ⊙ =0.1, 0.3, and 0.5 as input models. We simulated 1000 spectra for each Z/Z ⊙ , then fit the spectra with the same model (with N H fixed). The histograms of the measured Z/Z ⊙ for the MOS and pn are shown in Figure 12 . We then repeated the experiment including a power-law component with Γ = 1.4 and the same flux as in the best-fit 2T model. These histograms are also shown in Figure 12 , where a vertical dashed line indicates the best-fit Z/Z ⊙ for the whole halo. The simulations indicate that the power law does not substantially affect the ability to measure the metallicity, and show that random fluctuations typically lead to an overestimate of the metallicity, as opposed to the other effects that lead to an underestimate; our measured value of Z/Z ⊙ = 0.14 is very unlikely if the true Z/Z ⊙ ≥ 0.3. Near the measured value, we estimate ∆Z/Z ⊙ = −0.02 based on these simulations.
We also verified that spectral resolution and pile-up do not significantly affect the results by extracting spectra using only single (pattern=0) events for the outer halo, which represent more than 75% of events detected at E < 0.7 keV. We repeated the 2T model fits and found good agreement with our reported results (Table 3) .
Galactic column -The effect of absorption is strongest below E < 0.5 keV, and the range in reported Galactic N H values (Kalberla et al. 2005; Dickey & Lockman 1990) leads to a −0.06 < ∆Z/Z ⊙ < 0 for 7.8 × 10 20 > N H > 6.5 × 10 20 cm −2 , relative to the fiducial value of N H = 6.8 × 10 20 cm −2 for the phabs model. apec vs. mekal -We compared the fiducial apec results to those from the mekal model. We used the mekal option to calculate the model instead of interpolating from existing tables, and find ∆Z/Z ⊙ = −0.05 for the fiducial Grevesse & Sauval (1998) values.
Solar Abundance Ratios -We compared results when using different Solar abundance tables from Anders & Grevesse (1989) , Asplund et al. (2009), and Wilms et al. (2000) , relative to the fiducial Grevesse & Sauval (1998) values. This led to ∆Z/Z ⊙ = −0.04, +0.05, and +0.03, respectively (Figure 11) . The TBabs absorption model requires the Wilms et al. (2000) absorption table, and when we use this, ∆Z/Z ⊙ = +0.02.
There are several important lines between 0.3 < E < 0.5 keV at kT = 0.2 keV, most notably the C VI line at 0.37 keV and the N VI line at 0.42 keV, so Kuntz & Snowden (2010) examined the possibility that incorrect carbon and nitrogen abundances could explain the low metallicity found in parts of M101. We repeated their procedure for the NGC 891 spectra, using a vapec model, but allowing the carbon and nitrogen abundances to float and fixing the metallicity at solar. A good fit requires that these abundances be 3-5 times higher than the fiducial values, which is consistent with Kuntz & Snowden (2010) and inconsistent with supernova yields and the other abundances. As far as we are aware, no serious problem with the Solar carbon and nitrogen abundances has been found.
Optical Depth -Finally, we examined the effect of resonant scattering in the oxygen lines, which would reduce the line strength relative to the continuum near the disk and lead to an underestimate of the metallicity. We have assumed that the halo is optically thin (the coronal approximation), but showed that the Milky Way's hot halo is optically thick in the 0.573 keV (21.6Å) resonance line of O VII and the 0.654 keV (18.9Å) line of O VIII, with τ 1 towards the Galactic center. Since the hot halo of NGC 891 is somewhat brighter than that of the Milky Way, one expects τ > 1 in the inner regions, and non-negligible τ even in the outer halo, since τ declines as 1/r.
We estimated τ for the cases of solar metallicity and the best-fit metallicity in both the inner and outer halo. We assume a cylindrical ring geometry for the halo, with R 2 = 7 kpc, based on the location of the bright X-ray emission, and a variable R 1 . The volume is then V = π(R 2 2 − R 2 1 ) × 2h, where h = 2.2 kpc for the inner halo and 6.5 kpc for the outer halo. The factor of 2 is because the apec model normalization is for both sides of the midplane. We obtain the mean density from the apec normalization quantity, which is
Then, the optical depth for O VII is
where L is the line-of-sight distance in cm, A O is the oxygen abundance, X ion is the ion fraction, σ is the absorption cross-section, (Crain et al. 2010; Nuza et al. 2014) .
The apec normalizations for the fiducial model are norm inner = 3.5 × 10 −4 and norm outer = 3.4 × 10 −4 for the inner and outer halo, respectively. This model has Z/Z ⊙ = 0.14. We also fitted the spectra for the inner halo only with Z/Z ⊙ ≡ 1.0, which leads to norm inner = 3.4 × 10 −5 ; we note this is a significantly worse fit. In the fiducial model, the optical depth for R 1 = 0 kpc is τ inner ≈ 1.8 and τ outer ≈ 1.0. The low metallicity kT = 0.20 keV component must have a large volumefilling factor, so these are reasonable approximations. Moreover, they are independent of the size of R 2 . For Z/Z ⊙ ≈ 1, τ inner ≈ 5. In this case, it is more likely that the hot gas is outflowing material that forms a ring of hot gas above the disk, based on inferences for where star formation occurs (Boettcher et al. 2016 ). If we set R 1 = 4 kpc, then τ inner ≈ 2.5.
These estimates should be interpreted cautiously, since we do not know the actual geometry of the gas, nor its turbulent velocity (if the gas is quiescent, the optical depth is higher by a factor of ∼2). Nonetheless, they suggest that optical depth will be a mild effect, especially in the outer halo. A significant amount of the measured O VII flux is contributed by the forbidden and intercombination lines, which are optically thin. In the inner halo, absorption due to the H I halo is likely more important. We tested the impact by fitting the spectra while ignoring the O VII complex. Since τ is lower for O VIII than O VII, this should have a higher metallicity if the coronal approximation biases our measurement. The inner-halo Z/Z ⊙ = 0.16 +0.08 −0.05 when disregarding the E = 0.5 − 0.6 keV band, which is slightly higher than the original Z/Z ⊙ = 0.11 +0.04 −0.03 and in better agreement with the outer halo Z/Z ⊙ = 0.16 +0.09 −0.05 , but also consistent with the original within the 90% error bars. This suggests that the optical depth in the O VII line biases the metallicity by at most ∆Z/Z ⊙ < +0.05 for the whole halo.
These effects cannot all contribute to ∆Z/Z ⊙ maximally, and their relative magnitude will differ between regions. For instance, for residual proton flares to bias the measurement by ∆Z/Z ⊙ = 0.06, the reduction in the O VII line strength by resonant scattering could not lead to ∆Z/Z ⊙ + 0.05 and be consistent with the data. For the fiducial fit to the whole halo, we estimate that Z/Z ⊙ = 0.14 ± 0.03 (stat) +0.08 −0.02 (sys), not including model choices (apec vs. mekal, or the abundance table). The systematic uncertainty exceeds the statistical uncertainty, so NGC 891 has reached the limiting S/N for measurements with XMM-Newton.
DISCUSSION
We now consider the origin of the hot gas, the origin of the nonthermal emission, how the hot gas fits into the multi-phase halo around NGC 891, and the implications of our results for measurements made at lower S/N around other spiral galaxies.
Origin of the Hot Gas
The visible hot gas could be outflowing gas, the inner part of an extended hot halo of gas accreted from the intergalactic medium, or a combination of the two. We consider the case for each scenario, based on the measurements and derived quantities in Table 4 .
Temperature
Extraplanar gas around most spiral galaxies can be fit well by a 2T model, and NGC 891 is no exception. However, the comparatively higher S/N in these XMMNewton data allow us to draw two additional conclusions: the 2T model is "real" in the sense that there are two distinct components with different temperature distributions (a 3T or 4T model collapses to the 2T case and charge exchange is ruled out as a significant contributor), and these components have a different spatial distribution. Figure 3 indicates that the hotter gas is primarily located directly above the star-forming regions where there are filamentary structures in the Chandra map (Figure 4) . The relative temperature map is based on an isothermal model, but our fits to the inner and outer halo, and to the disk and filament regions corroborate the basic picture: most of the hotter, kT 2 = 0.6 − 0.8 keV gas is located closer to the disk.
The temperature does not clearly favor one origin scenario. The temperature map strongly suggests that there are ongoing outflows, and outflowing gas is likely to have a temperature exceeding the virial temperature, kT vir ≈ 0.18 keV for v c = 212 km s −1 . However, the dominant component at kT 1 = 0.20 keV could be cooled, relaxed ejecta or virialized infall, both of which would lead to a similar morphology and temperature.
Metallicity
The fiducial metallicity of the dominant kT 1 = 0.2 keV component is Z/Z ⊙ = 0.14 ± 0.03, with Z/Z ⊙ < 0.2 likely (Section 4). This is consistent with an accreted hot halo, based both on models (e.g., Shen et al. 2010; Crain et al. 2010 ) and measurements (Aguirre et al. 2008) of the intergalactic and halo metallicity at z < 1. In this case, the visible X-rays come from the inner part of a more extended, massive hot halo. Such a halo would trap metals from SNe-driven outflows close to the disk (Tenorio-Tagle 2002), so enrichment of the extended halo would be slow.
In contrast, we expect the halo gas to have a metallicity Z/Z ⊙ > 0.5 in the outflow scenario. For a late-type galaxy such as NGC 891, the Type II SN (SN II) rate exceeds the Type I (SN I) rate. The SN II rate can be estimated from the SFR= 3.8M ⊙ yr −1 , which implies a rate R SN II ≈ 0.03 yr −1 if we assume steady star formation, the Kroupa (2002) initial-mass function, and that SN II progenitors are at least M > 8M ⊙ . This agrees with the estimate from the stellar mass (M * ≈ 5 × 10 10 M ⊙ ; Li & Wang 2013) and spectral type (Sb) from Table 2 in Mannucci et al. (2005) , R SN II ≈ 0.04 yr −1 . In contrast, the SN I rate using the same approach is R SN I ≈ 0.01 yr −1 . Thus, most of the SNe feedback will come from SN II.
In this case, most of the outflowing gas will come from superbubbles (Weaver et al. 1977; Mac Low et al. 1989; Silich et al. 2005; Roy et al. 2013; Baumgartner & Breitschwerdt 2013) , since the contributions of multiple SNe are needed to break out of the thin disk. The extraplanar dust chimneys in NGC 891 indicate that this process is indeed at work in NGC 891 (Howk & Savage 2000) . Bubbles filled with hot gas form around star clusters as a result of SNe and stellar wind heating, then expand into the ISM and sweep up a neutral shell. The shell decelerates as it expands, but once it breaks out of the thin disk it accelerates down the pressure gradient and breaks up, leaving a chimney. The hot gas then flows out of as a pressure-driven wind.
The hot gas in superbubbles is well mixed (TenorioTagle 2002) . When the bubble has just formed, the hot gas (which comes from stellar winds and SNe) has a super-solar metallicity. As the bubble grows, this material evaporates neutral gas from the bubble wall. The hot temperature and corresponding large sound speed promote rapid mixing, which dilutes the hot gas and reduces its metallicity to some value intermediate between the SNe ejecta and the surrounding ISM (see Silich et al. 2001) . In principle, this can lead to low metallicity by the time of breakout, but most of the star formation in NGC 891 (and the X-ray emission around it) is located within a galactocentric radius of R < 4 kpc. In this region, other, face-on spiral galaxies of a similar mass have near-Solar gas-phase and photospheric metallicities (Kudritzki et al. 2015) . Thus, we would expect a pre-breakout superbubble to have around 0.5 < Z/Z ⊙ < 2. An extremely deep X-ray map of the face-on spiral M101 bears out this expectation, as Kuntz & Snowden (2010) report an average metallicity for the hot ISM of Z Fe /Z ⊙,Fe ≈ 0.5 (they fix the oxygen abundance at the gas-phase Z O /Z ⊙,O = 0.75 from Bresolin 2007) . Individual superbubbles with sufficient energy injection to break out will have a higher metallicity than this average.
The metallicity of the halo gas could be low if the metals are segregated in a hotter or cooler phase. For example, most of the energy and metals in galactic superwinds are thought to be in a very hot (T > 10 7 K, kT > 1 keV) phase that has low density, and thus low emissivity, due to its rapid speed (v > 1000 km s −1 ; Veilleux et al. 2005; Heckman & Thompson 2017) . However, NGC 891 does not have a superwind, and the winds from individual superbubble breakout regions will be cooler and slower (Mac Low et al. 1989; Roy et al. 2013; Baumgartner & Breitschwerdt 2013) , with velocities less than a few hundred km s −1 and temperatures in the soft X-ray regime. Alternatively, metals could clump and condense out of the hot gas before breakout. Similar condensation from poorly mixed gas has been proposed to explain the low metallicity seen in some early-type galaxies or spiral bulges (Tang et al. 2009; Pipino & Matteucci 2011) . However, superbubbles are qualitatively different from the SN I winds proposed in those systems, and in particular the consecutive SNe in a small bubble leads to efficient mixing and the destruction of any Fe-rich dust that may form. Breakout into the halo occurs at latest when most of the SNe have occurred (Baumgartner & Breitschwerdt 2013) , and condensation of metal-rich regions would need to occur after this period when there is no further shock heating (Tenorio-Tagle 2002) .
There is a family of models in which cosmic rays from SNe help to drive galactic outflows (Breitschwerdt et al. 1991) . Cosmic rays contain a large amount of momentum and can couple to both cool and hot gas. However, this cannot easily reduce the metal content in the hot gas, nor does it heat or cool it, except insofar as the hot gas may propagate farther outwards. In contrast to pressure-driven superwinds, which are accelerated to v > 1000 km s −1 near the starburst, cosmic-ray driven winds accelerate down the pressure gradient out of the disk and have velocities of at most a few hundred km s −1 near the disk (for a Milky Way-like SFR). These models do not obviously change the expectation of near-Solar metallicity for hot, outflowing gas.
Spatial Distribution
As in many other spiral galaxies (Strickland et al. 2004; Tüllmann et al. 2006; Li & Wang 2013) , the emission from the kT 1 = 0.2 keV gas is brightest above starforming regions and forms a thick disk. There is filamentary emission in the Chandra image above these regions ( Figure 4 ) and a large filament extending to ∼15 kpc above the galactic center on the west side.
This basic structure is expected in the outflow scenario, as superbubble winds are powered by massive star formation. Newly formed outflows from active chimney regions would appear filamentary, whereas expelled gas will either relax and virialize or cool and migrate to larger galactocentric radii (Melioli et al. 2009 ), depending on its temperature. In either case, the collective outflows from above the star-forming region of the disk would lead to an exponential disk atmosphere (Wang 2010) .
By itself, an accreted hot halo is unlikely to have this morphology. Instead, we expect a spheroidal power-law radial profile, which has been observed at larger scales (Miller & Bregman 2015; . However, the ambient hot gas will be affected by outflows and the presence of cold gas, so we briefly explore whether a disk-like morphology is consistent with the inner part of an accreted halo around a star-forming disk.
Outflows will affect the ambient halo in at least two ways. First, winds from individual superbubbles will ram into the hot halo, shock, and decelerate. This interaction will form bubbles of hotter wind gas surrounded by shocked or compressed halo gas. This both traps outflowing metals and brightens the ambient hot halo in the vicinity of the star formation. Second, outflowing gas drags magnetic fields into the halo (as evidenced by the "X-shaped" fields in radio halos; Krause 2009 ). The average magnetic pressure around star-forming galaxies can exceed the average thermal pressure, as in the edgeon, star-forming galaxy NGC 4631 (Irwin et al. 2012 ). This would also tend to compress ambient hot gas in the vicinity of star formation. The magnetic scale heights of radio halos tend to be large (> 4 kpc) and the synchrotron emission can be described by an exponential disk, so we would expect compression to imprint a disklike morphology onto the ambient hot halo. Since both the outflow strength and the amount of cosmic rays leaving the disk depends on the SFR, the brightening of the ambient hot halo would be related to the SFR.
In the compression scenario, we would expect to see shells of hot (and maybe cold) gas. Such shells are seen in NGC 5775 (Li et al. 2008 ) and NGC 4631 (Irwin et al. 2012) , and in NGC 891 there is a hint of such a shell in the soft XMM-Newton image at the top of the large filament (Figure 1) . However, there is no compelling evidence for shells in the Chandra image, although it is difficult to distinguish them from filaments and it is hard to detect individual shells in projection.
NGC 891 has an X-shaped magnetic field and a large radio halo (Allen et al. 1978; Hummel et al. 1991; Wiegert et al. 2015) . The mean B = 7 µG at 1 < z < 3 kpc above the disk (Mulcahy et al. 2018 ) implies P B ≈ 2 × 10 −12 dyne cm −2 . Meanwhile, the mean P th ≈ 7 × 10 −13 dyne cm −2 , so the magnetic pressure is about three times higher. Magnetic compression of an ambient hot halo therefore appears energetically plausible, but magnetohydrodynamic simulations of superbubble breakouts in the presence of a hot halo are needed to explore this scenario.
The other way that cold gas can shape the hot emission is by stimulating cooling (Armillotta et al. 2016; Fraternali 2017) . This occurs in the wakes of cool clouds traveling through the hot halo because the outer layers of the clouds evaporate and mix. The cooling time declines both because some thermal energy goes into heating the cool gas and because the mixture has a higher density, which increases the luminosity. A thick H I disk would then also lead to a thick X-ray disk. However, Figure 13 shows that the H I morphology is not closely connected to the X-ray emission for NGC 891 and three other edge-on galaxies with different SFR and sizes. Stimulated cooling thus appears to be a secondary effect.
Summary and Proposed Scenario
The existence of super-virial (kT 2 = 0.6 − 0.8 keV) gas that is concentrated near the disk and the shape of the X-ray emission, including filamentary structures, shows that some of the hot gas originated in outflows. However, the low metallicity of the dominant, virialized component implies that most of the gas did not. We therefore propose a scenario in which stellar feedback flows into the inner region of an ambient, extended hot halo, becomes trapped, cools, and falls back without substantially enriching its surroundings. The compression of the ambient gas by the galactic fountain outflows leads to a halo that is substantially brighter than expected from the extended hot halo alone, and which is brightest around the star-forming regions.
Additional observations could falsify this model, although it is unlikely that additional XMM-Newton or Chandra data could do so due to the poor spectral resolution. Specifically, the metallicity of the hotter component must be near-Solar in this model; if not, then outflowing hot gas may indeed find a way to hide its metal content. The Resolve calorimeter on the planned X-ray Imaging and Spectroscopy Mission (Kelley et al. 2016 ) will resolve the individual line complexes and lead to more robust temperature and metallicity measurements in both components. Alternatively, the proposed Advanced Xray Imaging Satellite (Mushotzky 2018) or Lynx High Definition X-ray Imager (Gaskin et al. 2018) would be able to detect the extended hot gas around numerous L * spiral galaxies to r < 100 kpc, which would directly confirm the existence of extended, virialized hot halos.
The Galactic Fountain and Cool Gas
The hot gas co-exists with a large amount of cool gas: there is a remarkably massive H I halo with M cold = 1.2× 10 9 M ⊙ that extends to z > 10 kpc (Oosterloo et al. 2007 ) that contains at least 6 × 10 6 M ⊙ of dust (Bocchio et al. 2016; Hodges-Kluck et al. 2016 ), a nearly-as-massive < 10 9 M ⊙ halo of extraplanar molecular gas up to 1-2 kpc above the disk (Garcia-Burillo et al. 1992) , and warm gas associated with diffuse ionized gas (Rand 1994) . The cold gas mass is at least an order-of-magnitude greater than the hot gas mass, and thus cannot condense from the hot halo in the steady-state (Hodges-Kluck & Bregman 2013) . If only the kT 2 ∼ 0.7 keV gas is from outflows, the difference is at least a factor of 100.
The origin of the cold gas is not clear, but the preponderance of evidence favors ejection from the disk. The metallicity of this material is Z/Z ⊙ > 0.4 (Qu, Bregman & Hodges-Kluck, 2018) , the dynamics favor a scenario in which most of the material was ejected but with some braking by an accreted halo (Oosterloo et al. 2007) , and the dust-to-gas ratio is consistent with a typical L * spiral galaxy disk. Meanwhile, most of the gas is unlikely to come from interaction with a satellite. Although there is an H I filament pointing in the direction of a companion galaxy, its mass is too small to account for much of the halo gas mass. A deep examination of the stellar halo found no evidence that the stellar streams around NGC 891 are associated with this companion galaxy or any recently disrupted satellites (Mouhcine et al. 2010) .
This would seem to favor a stellar feedback origin for the hot gas (in contrast to what we argued above), but the amount of cold mass is difficult to reconcile with any model. There is clearly enough kinetic energy from SNe to account for a few×10 9 M ⊙ in the halo (Fraternali & Binney 2006) , but the mass-loading rate is uncharacteristically high. Assuming that the halo passage time for a cold cloud ejected from the disk is about the orbital time in the star-forming region (∼200 Myr), about 10M ⊙ yr −1 of cool gas must be ejected from the disk to sustain the H I and H 2 halos in the steady state. For SFR= 3.8M ⊙ yr −1 the mass-loading factor is then β ≡Ṁ outflow /SFR ∼ 3. This is similar to a powerful nuclear starburst (Bolatto et al. 2013 ) or a quasar.
In contrast, superbubble-driven winds have β ≪ 1. Even if the models are badly wrong, there is a geometric issue: there appears to be more diffuse extraplanar gas than cool gas at the edges of chimneys (Howk & Savage 2000) , but there must be more gas to the sides of a bubble growing in an exponential disk than gas above or below it. This limits β < 1 for an individual superbubble, and likely much less. Finally, we expect most of the gas in superbubbles to be ejected hot (Weaver et al. 1977; Mac Low et al. 1989; Roy et al. 2013) , so the cool halo gas must condense out of it in this model. The cooling time is about t cool ∼ 1.1n −3 Gyr, where n −3 is the density in units of 10 −3 cm −3 (based on X-ray cooling curve at Solar metallicity; Schure et al. 2009 ). If we take an extreme value of n −3 = 10, the cooling time is comparable to the the orbital time, so the gas cannot cool fast enough in a classical fountain model.
There are other models that can expel a lot of cold gas without expelling much hot gas, such as cosmicray driven winds (Breitschwerdt et al. 1991) or radiation pressure on dust grains. Numerical simulations indicate that β can be as high as ∼0.1-1 for cosmic-ray driven winds in L * disk galaxies (Booth et al. 2013; Salem & Bryan 2014; Ruszkowski et al. 2017) , but this remains controversial (e.g., β ∼ 0.001 is reported by Fujita & Mac Low 2018) . β > 1 is expected primarily for smaller systems (Uhlig et al. 2012) . Meanwhile, radiation pressure can only dominate the outflow rate when the dusty gas is near the Eddington limit, which would require SFR more than an order of magnitude greater for NGC 891 (Zhang & Thompson 2012; Chattopadhyay et al. 2012; Krumholz & Thompson 2012; Zhang & Davis 2017) . Neither of these models is a good candidate to explain the balance of hot and cool gas around NGC 891, especially the presence of molecular gas. It is probably possible to modify either model to increase β, but doing so could easily result in a model that is inconsistent with lower mass galaxies, as these winds should be stronger in smaller potentials.
Alternatively, the gas may have been thrown out of the galaxy by a burst of past activity. Because the cool gas is not buoyant and will fall back within a few hundred Myr, it must have been expelled cold about this long ago or recently cooled from the hot gas. In the latter case, this would imply an extreme 0.3-10 keV L X > 10 41 erg s
within the past few hundred Myr. This level of cooling is only seen in luminous infrared galaxies, and we would expect to see the effects of a major recent starburst in other bands. Instead, NGC 891 appears to be a normal galaxy.
We have found no satisfactory explanation for either the M cold /M hot > 10 ratio or the (M cold /t orb )/SFR ∼ 3 ratio. This suggests that the halo is not in a steady state, but there is no clear evidence that the SFR or AGN activity was much higher in the recent past. The large M cold /M hot and fallback time of the cold gas also imply that the cool gas is mostly disconnected from the hot gas. At least in the steady state, this poses a challenge to stellar feedback models.
Nonthermal Emission
The XMM-Newton and Chandra 2-5 keV images reveal a diffuse, nonthermal glow that is concentrated around the galactic center, extends to a height of 5-6 kpc above the disk, and is consistent with the α = 0.4 ± 0.1 powerlaw component measured in the halo spectra. The nonthermal emission could either be photons boosted by inverse Compton scattering off cosmic rays or synchrotron emission from high-energy cosmic rays, and the morphology suggests that they are associated with an ongoing or recent outburst from the galactic center.
This glow has a luminosity of L X ∼ 3 × 10 39 erg s −1 , which is about ten times higher than that of the weakly accreting supermassive black hole (L X ∼ 3×10 38 erg s −1 ; She et al. 2017) . If the nonthermal emission is from an AGN outburst, it must be a relic. In contrast, the SNe energy is sufficient (requiring one SN per 10 4 yr), although it is not clear how SNe would produce this nonthermal X-ray emission. Almost all of the extraplanar X-ray emission, which has a smaller scale height than expected from the temperature, comes from within the thick H I halo, but it does not seem to follow the contours, which we would expect if most of the X-ray luminosity comes from cooling in the wake of cool clouds (Marinacci et al. 2010 ).
Inverse Compton scattering can be ruled out by the morphology, spectral index, and luminosity of the low frequency radio emission, as well as the magnetic field strength in the halo. Mulcahy et al. (2018) presented a deep 146 MHz map of the radio halo, where they see a thick disk-like morphology with no hint of the bubblelike hard X-ray emission. In addition, they measured a 146 MHz-5 GHz spectral index of 0.5 < α < 0.7 in the halo, whereas we measured α X = 0.4 ± 0.1 even far from the disk. This could indicate that the up-scattered photons are from even lower energy electrons than those that radiate at 146 MHz, but this is unlikely because spectral ageing has yet to affect these electrons. Moreover, Mulcahy et al. (2018) and Dahlem et al. (1994) measured a halo B-field strength of ≈ 7 µG, for which the synchrotron critical frequency of 146 MHz corresponds to a Lorentz factor of γ ∼ 2000. Such electrons will up-scatter the cosmic microwave background (which peaks at ν = 160 GHz) to E ∼ 3.5 keV. This process is inevitable, but if CMB photons are the main inverse Compton coolant, the ratio of inverse Compton to synchrotron power is u rad /u B ≈ 0.2. The 146 MHz luminosity νL ν ∼ 5 × 10 36 erg s −1 predicts a hard X-ray luminosity of L X ∼ 10 36 erg s −1 , which is more than two orders of magnitude below the observed value in the 2-5 keV band.
We can also rule out the possibility that inverse Compton scattering of lower energy electrons (γ < 1000) by higher energy photons (the infrared interstellar radiation field) can explain the X-ray emission. Instead, scattering from the cosmic microwave background dominates in "normal" star-forming galaxies (SFR=2M ⊙ yr −1 ; Schober et al. 2015) , and the situation becomes worse off-plane. SFR 10M ⊙ yr −1 is needed for infrared photons to compete with the CMB a few kpc off-plane.
Radio data at higher frequencies also rule out the Xrays as the high-energy tail of the synchrotron emission from a single electron population. The 1.4-5 GHz spectral index is α > 1.0 in the halo (Wiegert et al. 2015) , so α would have to be at least this steep. Instead, we measured α X = 0.4 ± 0.1, which indicates that the X-ray emitting cosmic rays have yet to lose much energy. Finally, the total radio luminosity up to 5 GHz in the vicinity of the hard X-ray emission is a few×10 37 erg s −1 , which is well below the X-ray luminosity of a few×10 39 erg s −1 . This leaves the possibility of a second population of high energy electrons which emit synchrotron emission in the X-ray band. For B = 7 µG and assuming the cosmic rays are electrons, this would imply γ > 10 8 . As far as we know, NGC 891 is not a γ-ray source, but it is near 3C 66A which is a bright source, so we cannot rule it out. A power-law index α X = 0.4 and a 0.01-10 keV L X ∼ 3 × 10 39 erg s −1 implies a 0.1 − 1 MeV L ∼ 4 × 10 40 erg s −1 , which is likely too low to detect with any planned missions. Existing instruments are too insensitive and have poor resolution. We note that this scenario faces the difficulty that the nonthermal X-ray luminosity is high compared to the current SFR. We processed XMM-Newton data for several other edge-on galaxies with higher SFR, and found no extraplanar, diffuse hard X-rays above about 2 kpc.
None of these explanations seems likely, but a reexamination of the magnetic field strength or structure near the gaalctic center may provide stronger insights into the origin of this emission.
The 2T Model
Previous authors have found that a 2T model adequately describes coronal spectra from most highly inclined disk galaxies (Dahlem et al. 1998; Tüllmann et al. 2006; Li & Wang 2013) , and Strickland et al. (2004) even found that a sample of galaxies can be jointly fitted by the same 2T model. However, Kuntz & Snowden (2010) showed that, at low S/N , an arbitrarily complex temperature distribution can be fit by a 2T model and that the temperatures do not cleanly map onto the input distribution. Moreover, Li & Wang (2013) found kT 1 = 0.2−0.3 keV and kT 2 = 0.4−1.0 keV in a Chandra sample of L * galaxies, whereas Tüllmann et al. (2006) found that kT 1 = 0.05−0.15 keV and kT 2 = 0.2−0.3 keV from a XMM-Newton sample that included many of the same galaxies. Finally, normal and starburst galaxies often have similar kT 1 and kT 2 (Strickland et al. 2004; Li & Wang 2013) , even though the starbursts have brighter halos and different morphologies.
The 2T model is a good fit to the halo spectrum of NGC 891 (Table 3) , and the temperature map reveals that the cooler and hotter gas have different spatial distributions (Figure 3 ). Our spectral analysis further showed that the hot gas is concentrated in the inner halo and near the filament, so we propose that the 2T description from previous work is essentially accurate, with the cooler component corresponding to an extended (or at least relaxed) hot halo. Indeed, 2T models typically find one dominant component and one weaker component, with the dominant temperature close to the virial temperature for galaxies at or above L * ).
The Tüllmann et al. (2006) 2T models (based on the pn spectra) may not be accurate because they did not account for residual soft proton flares, which are strongest in the pn. Since flaring is concentrated near the optical axis, on-field background subtraction will underestimate this component, which has a soft, unabsorbed spectrum. This can be fit by an isothermal model with very low metallicity and zero absorption, or a 2T model with a cool component. Tüllmann et al. (2006) account for the Galactic N H , so a 2T model with kT 1 < 0.15 keV is needed, and the dominant temperature is slightly higher than kT vir to account for the presence of some hotter gas amidst the extended hot halo. We extracted spectra from several of the data sets they used, and we find that a hotter 2T model is a better description.
5.5. Metallicity and Other Galaxies Early measurements of the metallicity in galaxy groups and clusters underestimated the metallicity when fitting isothermal models to low-resolution spectra. At higher S/N or spectral resolution, it became apparent that the hot gas is multi-phase and is highly enriched. Since the metallicity was measured from Fe lines, this became known as the "iron bias" (Buote & Fabian 1998; Buote 2000) . A similar problem can occur in galaxies, where O VII, O VIII, and Fe XVII produce the strongest lines. In addition, for the lower-temperature halos around galaxies, the metallicity measurement is susceptible to an incorrect model of the low-energy pseudo-continuum. For example, residual proton flares in the pn spectrum can lead to Z/Z ⊙ < 0.2 regardless of the true value. In general, the non-X-ray background for each instrument has a soft energy spectrum and must be carefully modeled or subtracted, as 10% errors severely bias the metallicity.
The data presented here provide the best opportunity to measure the metallicity for an external L * galaxy halo, and our measurement of Z/Z ⊙ = 0.14 lends credence to measurements of Z/Z ⊙ ∼ 0.1 − 0.2 made at lower S/N in the extended halos of other galaxies (Anderson & Bregman 2011; Bogdán et al. 2017; Bregman et al. 2018) . If the bias in these galaxies is similar to that in NGC 891, the overall interpretation will not be thrown into doubt. If NGC 891 retains a virialized, low Z/Z ⊙ halo, then we would expect this situation in other latetype galaxies.
The main counterpoint appears to be the Milky Way itself, for which Bregman et al. (2018) find Z/Z ⊙ ∼ 0.5 by using the pulsar dispersion measure to the Large Magellanic Cloud along with the empirical density and temperature profiles. Since NGC 891 is forming more stars, and has a larger H I halo than the Milky Way, this result is surprising. However, the average metallicity measured towards the LMC out of the disk can be biased by some highly enriched material close to the disk and along the line of sight; decomposing the line profile with a highresolution grating spectrometer such as Arcus (Smith et al. 2017 ) is necessary to determine this.
Finally, we note that X-ray faint elliptical galaxies demonstrate that the gas-phase metallicity can be low without resorting to dilution by pristine gas. These galaxies tend to have Z/Z ⊙ < 0.2, but Su & Irwin (2013) ruled out accretion as a reason. The remaining possibilities are condensation of SNe ejecta into warm gas or Fe-rich dust or segregation into a hot wind (Pipino & Matteucci 2011 , and references therein). As we argued above, in star-forming galaxies (SFR 1M ⊙ yr −1 ) SN II will drive feedback, and this makes it harder to segregate the metals. Thus, our assertion that other measurements of low metallicity in lower signal data sets imply that L * galaxies have extended, accreted halos applies only to the late-type galaxies.
SUMMARY AND CONCLUSIONS
We obtained a 320 ks XMM-Newton observation of NGC 891. Combined with archival XMM-Newton and Chandra data, as well as data at other wavelengths, we found that:
• The hot halo mass and luminosity is dominated by gas at kT = 0.20 ± 0.01 keV with Z/Z ⊙ = 0.14 ± 0.03(stat)
+0.08 −0.02 (sys). A different choice of thermal model or Solar abundance ratio table than we adopted can lead to additional shifts of ∆Z/Z ⊙ < ±0.05 for commonly used, published models. This gas accounts for most of the emission even near the disk. We examined issues with measuring the metallicity at low spectral resolution, and found that the choice of model and Solar abundance table makes about as much difference as the possible systematic bias. This gas surrounds the optical disk, and there is a one-sided filament above the galactic center that is visible up to 15 kpc. The luminosity implies a cooling rate ofṀ ∼ 0.5M ⊙ yr −1 , which is the accretion rate onto the disk in the steady state.
• In addition to the virialized hot gas, there is hotter gas with kT = 0.71 ± 0.04 keV that is concentrated above star-forming regions in the disk and in the filament. An isothermal temperature map shows that this gas has a substantially different spatial distribution than the virialized gas, so it is likely an outflow. Its metallicity is indeterminate.
• There is diffuse, non-thermal, hard X-ray emission concentrated around the galactic center that is visible up to 5-6 kpc above the disk and which has a spectral index α = 0.4 ± 0.1. This cannot be explained by instrumental backgrounds or astrophysical foregrounds, and is likely associated with NGC 891. With a luminosity comparable to that of the hot gas, the non-thermal emission is too bright to arise from ongoing AGN or SNe activity, but may be a relic. A comparison with the radio data indicates that it cannot be inverse-Compton scattering from the CMB, nor can it be the high energy tail of the radio synchrotron emission. It is possible that it is the low energy part of a second synchrotron population.
• The accuracy of the metallicity measurement cannot be improved at the same spectral resolution by increasing the S/N . Spectrometers with higher energy resolution are needed to reduce systematic error and distinguish between plasma emission models; the Hitomi Soft X-ray Spectrometer measurements of the Perseus Cluster (Hitomi Collaboration et al. 2016) have already shown that updates to these models are needed.
The low metallicity in the X-ray emitting gas is consistent with the visible corona being the innermost part of an extended hot halo accreted from the intergalactic medium. The morphology of the halo near the disk will be affected by feedback activity, and this may explain the ubiquity of X-ray coronae that appear to be thick disks near the virial temperature. However, further numerical work is needed to explore the interaction of enriched outflows with a low metallicity halo. The large disparity between the amount of hot and cold gas in the halo challenge models in which SNe activity ejects hot gas that cools in the halo and falls back. Any such model would need extreme mass-loading factors, and again this calls for further theoretical work to demonstrate feasibility.
These measurements, and especially spatially resolving the different temperature components, indicate that the 2T model that is generally successful for halo spectra (Strickland et al. 2004; Li & Wang 2013 ) is essentially correct: there is a virialized hot halo (which could have either solar or sub-solar metallicity depending on its origin) that co-exists with ongoing, SNe-powered outflows. Moreover, these measurements indicate that measurements of the metallicity around other galaxies made at lower S/N are basically correct. At least for late-type galaxies, galactic coronae appear to be consistent with the ΛCDM picture of a hot halo built up from cosmic infall.
